Abstract Up to 30% of curatively resected colorectal cancer patients with tumor-negative lymph nodes, show disease recurrence. We assessed whether these high-risk patients can be identified by examining primary tumors for the following blood and lymphatic vasculature markers: A) sialyl Lewis X (sLeX), vascular endothelial growth factor (VEGF)-C and VEGF-D expression; B) blood and lymphatic microvessel density (BMVD/LMVD); and C) the presence of blood and lymphatic vessel invasion. Thirty-six cases (disease recurrence within 5 years) and 72 controls (no disease recurrence for at least 5 years) were selected in a case-control design. Tumor sections were stained by antibodies CSLEX1 (sLeX), anti-VEGF-C, anti-VEGF-D, anti-CD31 (BMVD) or D2-40 (LMVD) to determine the parameters as mentioned above. A multivariate analysis showed sLeX expression and high LMVD (odds ratio 5.1, 95% confidence interval 1.3-20.0 and odds ratio 3.1, 95% confidence interval 1.0-10.0, respectively) to be independent factors predicting disease recurrence. Expression of sLeX correlated with liver metastases (P=0.015). A high LMVD was related to regional intra-abdominal or intrapelvic metastases in lymph nodes and distant metastases other than in the liver and lungs such as peritoneum, bones, brain and adrenal glands (P=0.004). A high BMVD in the invasive front correlated with lung metastases (P=0.018). We show that high-risk node-negative colorectal cancer patients can be identified by primary tumor assessment for sLeX expression and LMVD. Our results are consistent with the notion that both lymphatic and hematogenous metastasis play a role in colorectal cancer.
Introduction
In most countries, patients with curatively resected colorectal cancer (CRC) without nodal tumor involvement do not receive adjuvant systemic therapy since meaningful survival benefits have not been proven yet [1, 2] . However, 10 to 30 percent of these patients show disease recurrence [3, 4] . Although, a small survival benefit has been reported in stage II CRC patients who received 5-fluorouracil [5] , adjuvant systemic treatment of all node-negative CRC patients will lead to overtreatment and unnecessary complications due to adverse effects of the treatment. Providing only high-risk patients with adjuvant systemic therapy prevents unnecessary treatment and leads to an optimized cure rate. Lymph node-negative CRC patients at risk for disease recurrence may be identified by tumor features known to determine the process of invasion and metastasis which was the focus of this study.
Invasion and metastasis can be facilitated by proteins which stimulate tumor cell attachment to host cellular or extracellular matrix determinants, proteolysis of extracellular matrix host barriers such as the basement membrane, tumor cell migration and formation of distant metastases [6] . Tumor cells are expected to express similar molecules as leucocytes to interact with blood and lymphatic microvessel endothelium. Normally, the blood group-related antigen sialyl Lewis X (sLeX) is located on the membrane of neutrophils and binds to the endothelial leukocyte adhesion molecule-1 also known as E-selectin which leads to neutrophil extravasation and migration into tissue [7] . In cancer, the interaction of sLeX on tumor cells and Eselectin was shown to mediate adhesion of tumor cells to endothelial cells [8] . Previous publications have reported high sLeX expression on tumor cells to be a prognostic factor in colorectal cancer [9, 10] .
The vascular endothelial growth factor (VEGF) family has been reported to be involved in the formation of blood and lymphatic microvessels [11] through which tumor cells disseminate. The VEGF family includes five ligands: VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placenta growth factor and three receptors: VEGFR-1, VEGFR-2, and VEGFR-3 [12] . Studies have shown that VEGF-C and VEGF-D, which are ligands for VEGFR-3, can induce tumor lymphangiogenesis and lymphatic metastasis [13, 14] .
Also, the number and tumor invasion of blood and lymphatic microvessels have been shown to play a role in the process of metastasis [15] [16] [17] .
In this study, we examined whether disease recurrence in lymph node-negative CRC patients could be predicted by assessing their primary tumors for: A) the expression of angiogenic and lymphangiogenic factors, sLeX, VEGF-C, and VEGF-D; B) blood and lymphatic microvessel density; and C) the presence of blood and lymphatic vessel invasion.
Materials and Methods

Patients
Between January 1981 and December 2001, 1044 patients underwent surgery for a primary CRC at the LUMC. For the present study, a selection was made from the total group of patients with tumor-negative lymph nodes (N0) and without metastases (M0) at the time of surgery (n=506). Patients who were operated on their first CRC in another hospital, or who were diagnosed with another invasive malignancy before or within 5 years after the date of diagnosis of the primary colorectal carcinoma, and patients who developed a local recurrence were excluded for the present study. Cases (n=36) were defined as patients who suffered from regional or distant recurrent disease at least 3 months after but within 5 years after the date of diagnosis of primary CRC. Cases developed liver metastases (n=23), and/or lung metastases (n=8), and/or regional metastases which were considered intra-abdominal or intrapelvic metastases in lymph nodes or in connective tissue (n=7), and/or peritoneal metastases (n=5), and/or other distant metastases (n=8). The latter consists of brain, bone or adrenal metastases. Controls were patients who did not develop locoregional or distant disease within 5 years after diagnosis of primary CRC. For each case two controls were matched for TNM stage, date of incidence and date of birth, leading to a total number of 72 controls. Of patients with rectal carcinoma, two had received preoperative and three had received postoperative radiotherapy. None of the patients had received adjuvant chemotherapy.
A tumor was considered mucinous when more than 50% of its volume consisted of mucinous component. Tumor growth pattern at the invasive margin was classified as either expanding also known as pushing or infiltrative based on the predominant morphology as defined by Jass et al. [18] Clinicopathologic characteristics of patients are shown in Table 1 .
Immunohistochemistry
Four μm sections were cut from formalin-fixed paraffinembedded tumors, transferred to aminopropylethoxysilane-(APES) coated slides, and dried overnight at 37°C. One section of each tumor was stained by hematoxylin and eosin (HE). Five sections of each tumor were respectively stained with CSLEX1 also known as CD15s (Becton Dickinson Pharmingen, San Jose, California, 1:150), a monoclonal antibody that binds to sLeX, polyclonal anti-VEGF-C (Zymed, San Francisco, California, 1:100), monoclonal anti-VEGF-D (Research and Development Systems, Minneapolis, USA, 1:400), monoclonal antibody anti-CD31 (Dako, Glostrup, Denmark, 1:300), or monoclonal antibody D2-40 (Signet Laboratories, Dedham, MA, USA, 1:100). All primary antibodies were diluted in phosphatebuffered saline (PBS) with 1% bovine serum albumine (BSA). As negative control the sections were incubated with only PBS/1% BSA. For the immunohistochemical staining procedure, the sections were deparaffinized in xylene. Endogenous 
Quantification
Slides were evaluated by using a standard light microscope. At least two investigators (Doekhie, Morreau, Speetjens or Dekker) independently examined each staining and discordant cases were re-evaluated to reach consensus. Tissue sections which were too much damaged by the staining procedure were excluded from further analysis, leading to a variable number of examined slides (Tables 2 and 3) . Sialyl LeX staining with CSLEX1 showed immunoreactivity of apical cell membranes, cytoplasm of tumor cells and secretory material in luminal spaces as reported previously [9] . For the sLeX expression the percentage of cytoplasmic stained tumor cells and apical membrane stained tumor cells were separately estimated at 100x magnification. VEGF-C and VEGF-D expression showed cytoplasmic localization. In these stainings, the percentage of cytoplasmic stained tumor cells was estimated, also at 100x magnification.
Microvessel density was assessed in sections stained by anti-CD31 and D2-40 antibodies, as described previously [15] . Three fields with the highest vascular density (hot spots) were identified both within intratumoral stroma and the invasive front if present, using 50x and 100x magnification. Subsequently, the number of vessels was counted using 200x magnification after applying a 10×10 grid on the hot spots corresponding to an area of 0.25 mm 2 . All vessels hitting two of the sides of the grid were included in the count, whereas vessels hitting the other two sides of the grid were excluded from the count, using the principles of Gundersen et al. [19] . Microvessels in the submucosa served as internal controls in assessing the quality of staining for CD31 and D2-40. Any immunoreactive endothelial cell or endothelial cell cluster that was clearly separated from the adjacent microvessels was considered as a single countable microvessel. The occasionally found immunoreactive lymphocytes, macrophages, and plasma cells were excluded on the basis of the staining pattern and Blood and lymphatic vessel invasion was assessed in HE stained sections and in sections stained with antibodies directed against CD31 or D2-40. In HE stained sections, the presence of tumor cells in luminal spaces lined by endothelial cells in peritumoral stroma was scored as blood or lymphatic vessel invasion. On immunohistochemically stained sections, the presence of tumor cells inside a CD31 or D2-40 stained vessel was considered as blood or lymphatic vessel invasion.
Statistical Analysis
Statistical analysis was carried out using SPSS software, version 12.0.1 (SPSS Inc, Chicago, IL). For both blood and lymphatic vessels, statistical analysis was performed using the maximum number of counted vessels in the hot spots as was also done in a recent study in which the same antibodies were used [20] . Numerical data are presented as mean±standard deviation or as median and range in case of skewness. The clinicopathologic features of cases and controls were compared either by a Chi-square test, Student T-test or Mann-Whitney test. Univariate and multivariate odds ratio's (OR), 95% confidence intervals (95% CI) and p-values (P) were calculated by applying logistic regression analysis with patient's clinical outcome as dependent variable. Parameters with a (overall) p-value less than 0.10 in the univariate analysis were entered into the multivariate logistic regression model.
Results
Standard Patient and Histopathological Characteristics
No significant difference in sex, T stage, tumor size, tumor location, tumor differentiation, mucinous tumors, number of harvested lymph nodes and serum CEA level was seen between the case and control group. We did see that patients from the case group were significantly more often identified with tumors showing an infiltrative growth pattern in comparison to patients from the control group (Chi-square test, 41% versus 21%, P=0.031). Patient characteristics are shown in Table 1 and univariate analysis of clinicopathological characteristics is shown in Table 4 .
Expression of Sialyl Lewis X, VEGF-C and VEGF-D Membrane and cytoplasmic staining for CSLEX1 were scored separately. Membrane and cytoplasmic staining respectively was seen in 91 and 74 of 99 examined CSLEX1 stained sections. Significantly more cases than Table 2) . Representative immunohistochemical stainings for CSLEX1, VEGF-C and VEGF-D are shown in Fig. 1 . Cytoplasmic background staining was seen in negative controls for the VEGF-C staining. Tumors negative for VEGF-C showed similar background staining which could be clearly differentiated from positive staining for VEGF-C (Fig. 1e,f) . The univariate analysis of these angiogenesis and lymphangiogenesisrelated tumor cell markers is shown in Table 2 .
Blood and Lymphatic Microvessel Density
We choose to count blood and lymphatic microvessels in three hot spots (i.e. fields with the highest vascular density) located in intratumoral stroma and three hot spots at the invasive front. Blood microvessels stained by anti-CD31 antibodies were seen in tumor stroma or the invasive front in all of 96 analyzed primary tumors (100%) and lymphatic microvessels stained by D2-40 antibodies were seen in 78 of 96 (81%) analyzed primary tumors. As previously shown [21, 22] , we found that anti-CD31 antibodies did not stain D2-40 positive lymphatic vessels and vice versa (Fig.  2) . We counted more blood microvessels (39±12; median 37; range 12 to 80) than lymphatic microvessels (14±9; median 15; range 0 to 42). Patients with more than 46 blood microvessels in the invasive front (high BMVD) were more often seen in the case than in the control group (Fisher's exact test, 25% versus 10%, P=0.077), but it did not reach significance (Table 3) . Significantly more patients with more than 20 lymphatic microvessels in tumor stroma or invasive front (high LMVD) were seen in the case group than in the control group (Chi-square test, 33% versus 14%, P=0.027) ( Table 3) .
Concluding, overall more blood microvessels than lymphatic microvessels were observed. In the case group, a higher number of blood and lymphatic microvessels was seen compared to the control group.
Blood and Lymphatic Vessel Invasion
Blood and lymphatic vessel invasion detected on HE stained sections will be referred to as morphological vasoinvasion. In 49 of 108 (45%) primary tumors, morphological vaso-invasion was found.
Lymphatic vessel invasion was seen in 8 of 96 (8%) D2-40 stained tumor sections (Fig. 3a,b ) and blood vessel invasion was only seen in one of 96 (1%) sections stained with antibodies directed against CD31 (Fig. 3c,d) . Seven of the 8 patients with lymphatic vessel invasion detected on the D2-40 stained sections had been recognized on the HE stained sections and the one tumor with blood vessel invasion was also seen on the HE stained section (Fig. 3g) . These results show that morphological vaso-invasion scored on HE stained sections overestimated the actual blood and lymphatic vessel invasion as seen after immunohistochemical staining.
Relation between studied variables
We assessed mutual correlation between the different markers that were investigated. We found that 10 of 11 tumors showing positive staining for VEGF-D were also positive for VEGF-C (Chi-square test, P<0.001).
Significantly more patients with positively stained tumor cells for VEGF-C showed a high LMVD compared to patients negative for VEGF-C (Chi-square test, 11 of 31 versus 8 of 59, P=0.015) indicating an association between VEGF-C expression and lymphangiogenesis. Sialyl Lewis X expression seemed to be related to an infiltrating type of tumor growth as significantly more of these tumors showed cytoplasmic positive staining with CSLEX1 (Chi-square test, 24 of 27 versus 46 of 68, P=0.034) compared to tumors with an expanding growth pattern. Also significantly more infiltrating tumors showed morphological vaso-invasion compared to expanding tumors (Chi-square test, 19 of 27 versus 27 of 70, P=0.005). This correlation suggests a role of infiltrating tumor growth in the overestimation of blood and lymphatic vessel invasion in the morphological vasoinvasion score.
Logistic Regression Analysis
All variables with a p-value lower than 0.10 in the univariate analysis (Tables 2, 3 and 4) were entered in a forward step multivariate analysis. T stage, tumor growth pattern, CSLEX1-, VEGF-C-or VEGF-D-expression, high BMVD, high LMVD and lymphatic vessel invasion were entered in the multivariate analysis. The independent factors predicting disease recurrence that remained were sLeX tumor expression by CSLEX1 and a high LMVD (OR 5.1, 95% CI 1.3-20.0 and OR 3.1, 95% CI 1.0-10.0, respectively).
Correlation with Site of Metastases
The site of the metastases was registered in our hospital, which enabled us to assess its correlation with the different variables tested. Primary tumors with CSLEX1 expression significantly more often led to disease recurrence in the liver compared to primary tumors negative for CSLEX1 (Chi-square test, 20 of 74 versus one of 25, P=0.015). Liver metastases were also significantly more often seen in the patients with infiltrative tumors than in patients with expanding tumors (Chi-square test, 11 of 27 versus 11 of 70, P=0.008).
Patients with a high BMVD in the invasive front developed lung metastases significantly more often than patients with a low BMVD in the invasive front (Fisher's exact test, 4 of 14 versus 4 of 76, P=0.018).
The chance to develop regional, peritoneal or metastases to the brain, bones or adrenal glands was significantly higher in patients with high LMVD compared to patients with low LMVD (Fisher's exact test, 8 of 19 versus 8 of 72, P=0.004). This chance also significantly increased with the T stage (Fisher's exact, T4 stage: 6 of 14 versus T2 or T3 stage: 12 of 94, P=0.012) and decreased with the number of harvested lymph nodes (Fisher's exact test, 0 of 22 in patients with 12 or more examined lymph nodes versus 18 of 86 in patients with less than 12 lymph nodes, P= 0.021). Moreover, no correlation was seen between a high LMVD, T4 stage or 12 or more harvested lymph nodes. When entering these three variables in a multivariate analysis, a high LMVD remained as an independent predictor for regional, peritoneal or metastases to distant sites other than liver and lungs (OR 7.3, 95% CI 2.0-27.4, P=0.003). 
Discussion
In this study, we show sLeX expression and a high LMVD of the primary tumor to be independent risk factors for disease recurrence in curatively resected CRC patients with tumor-negative lymph nodes. Our results confirm data from Nakagoe et al. [9] showing that lymph node-negative CRC patients with sLeX expression detected with CSLEX1 have a worse prognosis. Moreover, we showed a significant correlation between sLeX expression and liver metastases as previously reported by others [23, 24] . We saw a correlation between sLeX expression and infiltrative tumor growth pattern and showed the latter also to correlate with disease recurrence [18] . The reproducibility of tumor growth pattern assessment has been shown to be problematic [25] which suggests growth pattern to be an unreliable prognostic marker in contrast with sLeX immunohistochemical detection. Our results suggest that sLeX expression plays a role in infiltrative tumor growth and in facilitating the hematogenous spread of tumor cells through blood microvessels via the portal vein to the liver.
The lymphatic system has also been believed to be one of the most important pathways for tumor cell dissemination as it is expected that tumor cells can enter lymphatic microvessels easier than blood microvessels because the former show a discontinuous or completely absent basement membrane and are devoid of pericytes [26] . Years of research have resulted in several lymphatic endothelial cell specific markers [26] . In this study, we used D2-40 which was reported to be more sensitive in detecting lymphatic endothelium than Prox1, LYVE-1 and podoplanin [27] . We found a high LMVD detected with D2-40 to be an independent risk factor for disease recurrence. Similar findings were seen by Matsumoto et al. [28] who used the antipodoplanin antibody to detect lymphatic microvessels in primary tumors of 106 stage I to IV CRC patients. They showed a high LMVD and lymphatic vessel invasion to correlate with a poor outcome but only the former remained as an independent predictor in the multivariate analysis. Saad et al. [20] examined BMVD and LMVD in 90 stage I to IV CRC patients by using anti-CD31 and D2-40 antibodies, respectively. They observed a significant correlation between LMVD and liver metastases, but they did not analyze other types of distant metastases. In our study, a high LMVD was found not to correlate with liver metastases or lung metastases but with regional intra-abdominal or intrapelvic metastases in lymph nodes and other distant metastases such as peritoneum, bones, brain and adrenal glands. We suggest that a high LMVD leads to tumor cell dissemination through lymphatic microvessels into intra-abdominal or pelvic lymph nodes. The lymphatic system finally returns lymph to the systemic blood circulation via the thoracic duct leading to metastases in the bones, brain and other distant sites.
Additionally, a high BMVD correlated with disease recurrence restricted to the lungs. This may explain the variability in published studies regarding the prognostic relevance of BMVD as it probably depends on the number of patients in those particular studies who suffered from disease recurrence in the lungs. Accordingly, a recent metaanalysis showed a high BMVD, detected by using antibodies directed against CD31 or CD34, to significantly predict poor clinical outcome [29] .
We assessed tumor invasion in blood and lymphatic vessels on HE stained sections and referred to this as morphological vaso-invasion. By comparing morphological vaso-invasion and blood and lymphatic vessel invasion scored on immunohistochemically stained sections, we found the former to be overestimated as reported previously by others [30] . Analysis suggested that scoring of morphological vaso-invasion does not distinguish between blood or lymphatic vessel invasion and an infiltrative tumor growth pattern. Previous studies have shown that artifactual tissue retraction around tumor islands complicate and overestimate true lymphovascular invasion [16, 17] . Immunohistochemical staining of blood and lymphatic vessels with specific antibodies resolves this problem and enables objective estimation of tumor invasion in vessels.
To our knowledge, we are the first to identify a multiple set of tumor markers each correlating with a different preferential site of metastasis in CRC. Our results support two types of mechanisms involved in metastasis. First, there is the mechanical way of tumor cell dissemination through blood and lymphatic microvessels, resulting in tumor cell arrest in the narrow capillary network in different organs including lymph nodes. There they may proliferate and develop clinically evident metastases. Hematogenous and lymphatic metastasis is expected to increase with the number of blood and lymphatic microvessels. This may explain the correlation between a high BMVD and lung metastases and the correlation between a high LMVD and regional intra-abdominal or intrapelvic metastases in lymph nodes with eventually distant metastases.
In addition to this mechanical entrapment of tumor cells, also biological processes determine outgrow of metastases as explained by the "seed and soil" theory [31, 32] . This theory suggests that a subpopulation of tumor cells with metastatic potential, recently identified as colon-cancerinitiating cells [33] , disseminate through the whole body. These cells proliferate and differentiate to form clinically evident metastases at preferential sites depending on local molecular interaction among which availability of local growth factors. In our study, the correlation between sLeX expression and liver metastases may be explained by this pathway. The interaction of the antigen sLeX on tumor cells and E-selectin on endothelial cells was shown to mediate adhesion of tumor cells to endothelial cells [8] possibly facilitating tumor cell invasion in blood microvessels, extravasation and migration into tissue. Additionally, colorectal tumor cells showing sLeX expression might prefer the liver to grow out to form clinically evident metastases due to interaction with local E-selectin [34] .
It is important to realize that this study regards a small patient group but even in these small patient numbers we showed significant findings consistent with current thoughts in terms of hematogenous and lymphatic metastasis. Furthermore, only 20% of our patient group had undergone an adequate lymph node harvest of at least 12 lymph nodes as recommended by the American Joint Committee on Cancer Staging [35] , which is a limitation of our study. Nevertheless, similar numbers were reported by Johnson et al. [36] and Baxter et al. [37] who showed adequate lymph node evaluation in 22% of 569 CRC specimens respectively 37% of 116995 CRC patients. They reported the effect of different pathology assistants, older age and rectal cancer to affect the number of lymph nodes retrieved [37, 38] .
In summary, our study shows that high-risk lymph nodenegative CRC patients can be identified by assessing the primary tumor for sLeX expression with CSLEX1 and LMVD. Our results have to be validated in prospective studies which should also evaluate whether these high-risk CRC patients may benefit from adjuvant systemic therapy. Moreover, our results are consistent with the notion that both a lymphatic and hematogenous route plays a role in CRC.
